Shocks, turbulence and winds all influence the electron velocity distribution in hot plasmas, exciting lower-energy electrons and generating a high-energy (typically power-law) tail. This effect, typically described as a κ distribution can affect both the line and continuum X-ray spectrum emitted by the plasma. Hahn & Savin (2015) proposed a "Maxwellian decomposition" to generate the rate coefficients of κ distributions. Using their method and the AtomDB atomic database, we have developed a general model to calculate the emission from a plasma with a κ distribution. We compare our κ results for the charge state distribution and spectra of oxygen to those from KAPPA package with the ion data available within the CHIANTI atomic database. Sufficiently energetic electrons, created either in a κ distribution or merely a very hot Maxwellian plasma, can also emit via electron-electron (ee) bremsstrahlung, a process not previously included in AtomDB. We have added this process to AtomDB and apply it to calculate the temperature gradients, as well as the total spectra from the post-shock regions of an accreting magnetic cataclysmic variable (CV). We find the contribution of e-e bremsstrahlung to the total spectra exceeds 10% at KT∼ 100 keV, with the total emissivity in the post-shock accretion stream differing by more than 10% at energies above 60 keV.
INTRODUCTION
Typically, physical properties of a collisional plasma are derived under the assumption that the electrons are in a local equilibrium Maxwell-Boltzmann distribution (hereafter referred as Maxwellian distribution) characterized by a single temperature. The thermalization timescale for electron-electron collisions to create a Maxwellian energy distribution in the plasma is generally short compared with other processes (Summers et al. 2006 ). Thus it is usually the case that the free electrons have close to a Maxwellian distribution. However, in real astrophysical plasmas, some forces, e.g., shocks, turbulence, or wave-particle interactions, can drive the plasma to a relatively long-lasting non-Maxwellian distribution.
The first direct identification of a non-Maxwellian electron distribution was found by Vasyliunas (1968) in the Earth's magnetosphere. The electron distribution driven by the electromagnetic forces could be fitted using a near-Maxwellian core and a power-law tail in high energy called a κ distribution. Since then, κ distributions have been utilized in numerous studies of solar physics (e.g. Collier et al. 1996; Livadiotis & McComas 2010; Le Chat et al. 2011; Dudík et al. 2015 Dudík et al. , 2017 Jeffrey et al. 2016 Jeffrey et al. , 2017 Dzifčáková et al. 2018; Livadiotis et al. 2018 ) and planetary magnetospheres (e.g. Christon, 1987; Mauk et al. 2004; Diayllynat et al. 2009; Henning et al. 2011; Carbary et al. 2014; Barbosa et al. 2016; Pollock et al. 2017) .
The κ distribution has been the subject of consider-able interest in the solar system as well as in other astrophysical plasmas, e.g., supernova remnants, planetary nebulae, and galaxy clusters. In solar plasmas, κ distributions can arise when the plasma is being continually pumped by a non-thermal energy input (e.g. a shock) or by energy transport from other places. Raymond et al. (2010) found a spectrum of a slit position in the northeast of Tycho's supernova remnant could be well fitted with κ distribution, implying a shock speed of 2800 km s −1 . A κ electron energy distribution was adopted to give consistent temperature measurements and metalicity estimates in HII regions and planetary nebulae (Nicholls et al. 2012) . This distribution was also considered in clusters of galaxies (Petrosian & East 2008; Kaastra et al. 2009 ), where the processes involving strong turbulence or plasma acceleration can produce a non-thermal electron distribution. Reviews on κ-distributions and their applications in astrophysical plasma can be found in Pierrard & Lazar (2010), Bykov et al. (2013) and Livadiotis (2018) . Diagnostics of κ-distributions in the solar corona were attempted using extreme ultraviolet lines (Dzifčáková & Kulinová 2010; Mackovjak et al. 2013) for the plasma temperature, electron density, and κ value. A diagnostic of non-thermal particle heating in small coronal heating events or nanoflares (Testa et al. 2014 ) was also detected in IRIS observations . A thermal Maxwellian component plus a power-law tail in the high energy range can explain some of observed X-ray flare line spectra (Lin et al. 2002; Kašparová & Karlický 2009; Dzifčáková et al. 2011) .
The κ-distribution can arise naturally from theory. A plasma wave field can induce fluctuation which causes the non-Coulombic diffusion in velocity space. The diffusion is proportional to the square of the particle velocity in plasma and leads to a κ-distributed electrons (Hasegawa et al. 1985; Hasegawa & Sato 1989 , note that the κ definition used in these papers is equivalent to this κ − 1).Tsallis statistical mechanics has been used to describe and analyze complex systems out of equilibrium (Leubner 2002; Collier 2004; Livadiotis & McComas 2009 . In these systems there are correlations induced by any long-range interactions between the particles and the specific formulation of the κ-distribution can mathematically model the correlations between particles. The equality between the kinetic and thermodynamic temperatures produces a well-defined "temperature" for systems out of thermal equilibrium. The physical meaning of the kappa index is then connected with the correlation of particles in the systems.
Based on the CHIANTI database, Dzifčáková et al. (2015) developed the KAPPA package to calculate the synthesis of optically thin spectra for the non-Maxwellian κ distributions. Both ionization and recombination rates with the ionization equilibria were reverse-engineered from the Maxwellian recombination rates and tabulated in the KAPPA package for a range of κ values Wannawichian et al. 2003; Dzifčáková 1992) . The "reverse-engineering" approach was to fit the rate coefficient for Maxwellian distributions, extract an approximate cross section and then reconvolve with the desired κ distribution. Another method, "Maxwellian decomposition" was proposed to generate the rate coefficients of κ distributions by summing the appropriately weighted Maxwell-Boltzmann rate coefficients (Ko et al. 1996 , Kaastra et al. 2009 , Hahn & Savin 2015 .
The power law tail of hot electrons in a κ distribution emphasizes the importance of hot electrons, and emission processes which are relevant to them. In particular, the electron-electron (e-e) thermal bremsstrahlung occurs when an electron moves through another electron. The acceleration by the Coulomb force to both electrons are equal but the direction is opposite. The wave train emitted by one electron destructively interferes with that emitted by the other. This leading to very low emission of e-e thermal bremsstrahlung at nonrelativistic temperatures. This simultaneity disappears in relativistic conditions and hence e-e bremsstrahlung becomes important. It is calculated from the integral of particle velocity by averaging the cross section over the Maxwellian distribution was calculated in previous works, e.g. Maxon & Corman (19670) , Haug (1975a,b) , Stepney & Guilbert (1983) . At temperature T∼ 10 8 K, the integral is less than 7% than that of electron-proton (e-p) bremsstrahlung at 30 keV and increases with the photon energy. At relativistic temperatures, both electrons in e-e bremsstrahlung can be thought of as radiating, giving a spectrum about twice as large as for e-p bremsstrahlung, where only one of the interacting particles radiates (Svensson 1982) . The e-e bremsstralung emissivity was therefore to be non-negligible compared to the electron-ion bremsstrahlung at temperatures above 10 8 K for Maxwellian plasmas. In κ plasmas, this contribution will be even higher.
The AtomDB atomic database (Smith et al. 2001 , Foster et al. 2012 ) collects the astrophysical plasma emission data relevant to X-ray emission from collisionally ionized, optical thin astrophysical plasmas with temper-ature 10 4 ≤T e ≤ 10 9 K. The atomic data stored includes ionization and recombination rates, energy levels, wavelengths, radiative transitions and electron impact collision strengths. This data is then coupled with the Astrophysical Plasma Emission Code (APEC, Smith 2001) to produce emissivities for optically thin, collisionally ionized plasma with Maxwellian electron distributions. We have used AtomDB 3.0.9, which includes a set of nonequilibrium ionization (NEI) emissivity files, designed to allow modeling of an out-of-equilibrium plasma. We have also used new version of PyAtomDB to access the database and generate our spectra. The models we have used are compatible with XSPEC and are available online 4 .
We use these tools to apply the Maxwell decomposition method to get the κ line and continuum spectra, focusing here on oxygen as an exemplar. We also calculate the bremsstrahlung emission and dielectronic (DR) and radiative recombination (RR) rate coefficients for a κ distribution of electrons directly to compare the accuracy of the decomposition approach with an exact model 5 . In this paper, we describe the processes (Sect. 2) and method (Sect. 3) to produce the X-ray optically thin astrophysical spectra arising from collisional excitation by electrons with a κ-distribution and that with ee bremsstrahlung emissions. Spectra with κ-distributed electrons and e-e bremsstrahlung, as well as the application of the model to the numerical post-shock accretion region (PSR) model of a white dwarf are presented in Sect. 4. Conclusions are given in Sect. 5.
PROCESSES
The isotropic κ-distribution of the electron energies is given by (e.g., Olbert et al. 1967; Owocki & Scudder 1983) ,
(1) with A κ = Γ(κ+1) Γ(κ−1/2)(κ−3/2) 3/2 and Gamma function Γ. k B is the Boltzmann constant and T is the temperature. The parameter κ is in the range of (3/2,+∞) with κ → +∞ being a Maxwellian distribution and κ → 3/2 corresponding to larger departure from thermal distribution (Hasegawa et al. 1985; Hasegawa & Sato 1989; Summers & Thorne 1991; Mace & Hellberg 1995; Lee & Jung 2019) . From Eq. (1), the κ-distribution can be shown to behave as a Maxwellian with temperature T M = κ−3/2 κ+1 T in the low-energy limit (Meyer-Vernet et al. 1995; Livadiotis & McComas 2009 ) and it has a power law tail proportional to E −(κ+1) for high energies.
The collisional rates in a collisionally ionized plasma are derived by integrating the relevant cross sections over the electron distribution. If we can decompose an electron distribution into a linear combination of Maxwellian components, the rate coefficient for any process is simply the sum of the rates for these individual Maxwellian components. This Maxwellian decomposition method has regularly been used to approximate κ-distributions with a sum of Maxwellians (Ko et al. 1996 , Kaastra et al. 2009 , Hahn & Savin 2015 . Hahn & Savin (2015) approximated the κ-distribution for a wide range of values using a formula
where f (E; a j T κ ) is the Maxwellian energy distribution at a temperature T M = a j T κ . They obtained and tabulated the values of best fit parameters a j and c j for κ values from 1.7 to 100. For Maxwellian electron distributions, all collisional rates (recombination, ionization, excitation) are tabulated in AtomDB between T M = 10 4 − 10 9 K. In this paper, we use oxygen as an example for applying this deconvolution method. We create ionization and recombination rates for κ plasmas from the AtomDB Maxwellian rates, use these to obtain the ion fraction, then calculate the emissivity per ion using the same method, and then multiply the ion fraction by the kappa emissivities to get non-Maxwellian emission.
The recombination rates can also be calculated directly by integrating the radiative recombination cross section over a non-Maxwellian electron distribution. As comparisons, we give such kind of calculations for the rates of radiative recombination and dielectronic recombination. For the bremsstrahlung emission with κ-distributions of electrons, we integrate the free-free cross section (gaunt factor) and κ-distribution to get the energy spectrum.
The emitted spectrum can be separated into lines and continuum emission. In our framework, lines due to collisional excitation can only be calculated using the Maxwellian decomposition method, while those from DR can be obtained either by analytical calculation or by Maxwellian decomposition. We consider three radiative processes for the continuum emission: thermal bremsstrahlung (i.e. free-free emission), radiative recombination continuum (RRC, i.e. free-bound emission), and two-photon radiation (i.e. bound-bound emission). The most important continuum emission is the thermal bremsstrahlung for optically-thin thermal plasma in a collisional ionization equilibrium (CIE). Following we will present the calculations of the bremsstrahlung, RRC, DR processes, and the CSD from collisional rate coefficients.
Bremsstrahlung
The bremsstrahlung emission, also called free-free radiation, occurs when an unbound electron moves through the electric field of a nucleus or another electron and is accelerated by the Coulomb force. This process results in continuum radiation. The non-relativistic freefree Gaunt factor was first discussed with the detailed numerical computations in the work of Karzas & Latter (1961) and then has been the subject of a series of publications (e.g. Sutherland 1998; Nozawa et al. 1998; Itoh et al. 2000; van Hoof et al. 2014 van Hoof et al. , 2015 de Avillez & Breitschwerdt 2015) that followed that work.
Assuming the initial energy of electron is E i , the final energy is E f = E i − hν after being accelerated by a nucleus with atomic number Z and emitting a photon with energy hν. The free-free Gaunt factor is (Karzas & Latter 1961 )
where
Ei , η f = Z 2 Ry E f , and Ry is the infinitemass Rydberg unit of energy (13.6eV). The functions I l and I 0 were expressed to be a series solutions of certain differential equations related with hypergeometric functions in the work of Karzas & Latter (1961) . After taking into account the effect of the electron degeneracy, Itoh et al. (1985 Itoh et al. ( , 1990 Itoh et al. ( , 2000 and Nozawa et al. (1998) extended Karzas & Latter's calculations to the relativistic regime and presented the accurate analytic formulae of relativistic cross section of free-free opacity.
If the velocity distribution of the electron is f (υ, T ) at temperature T , the energy spectrum of bremsstrahlung emission at temperature T from these electrons is
is the power radiated in unit volume per solid angle per unit frequency, e is the electric charge of electron, c is the speed of light, m e is the mass of electron, n i and n e are ion and electron density. For a κ (κ > 3/2) or Maxwellian (κ → ∞) distribution of electrons, we can substitute the function of the electron distribution and get the free-free emissivity
where C f f = 32π 3/2 e 6 (3me) 3/2 c 3 2 k B n i n e = 6.84 × 10 −38 n i n e erg cm −3 s −1 Hz −1 and the parameter y has the form y =
Radiative Recombination Continuum (RRC)
Radiative recombination emission, i.e. free-bound radiation, is produced when an electron collides and recombines with an ion, emitting a photon. The photon energy hν equals to the kinetic energy of the electron E e plus the binding energy I Z,j+i of ion at ionization state j + 1 with the newly-recombined electron, i.e. hν = E e + I Z,j . A sharp edge at the ionization threshold I Z,j of the level will appear in RRC spectrum where the velocity of incident electron is zero. The RRC spectrum of a plasma with many different elements and ions shows many jumps due to recombination into the ground and excited levels of many ions.
For an electron distribution f (υ, T ), the RR spectrum due to a photon capturing to an energy level j is (Tucker & Gould 1966) , (5) where n Z,j+1 is the density of ion at the ionization state j + 1, σ rr n (υ) is the recombination cross section to the considered energy level n at the electron velocity υ. It is calculated using the photo-ionization cross section σ ph n (ν) = ( mecυ hν ) 2 g Z,j+1 g Z,j,n σ rr n (υ) (Raymond & Smith 1977 ) since photo-ionization and recombination are inverse processes and can be related with detailed balance, where g Z,j+1 and g Z,j,n are the statistical weights for the ion (Z, j + 1) in its ground state and the ion (Z, j) in state n. After changing the electron distribution f (υ, T ) in Eq. (5) to a function of κ or Maxwellian distribution, we can obtain the free-bound emissivity
where C f b = 1.31 × 10 8 n Z,j+1 n e g Z,j,n g Z,j+1 and f f b (ν, T ) is in the unit of erg cm s −1 keV −1 . In order to get the RRC emissivity ε f b (ν, T ) as the function of temperature, we integrate the above equation (Eq. 6) for the photon energy hν. Using oxygen ions as an example, we find that in database AtomDB, we only have photon-ionization cross section σ ph n up to n=5 levels for each ion, which is inadequate to capture the entire rate. Therefore, for n>5 levels, we approximate the high-n photo-ionization cross sections using the level-dependent RR rates that are in the AtomDB. We calculate the cross sections for those energy levels by assuming the total missing cross section for each ion of oxygen as a single simple edge plus a power-law function. We fit the edge energy, the amplitude and the power law index to match the missing recombination rates. The final RR rate thus can be obtained by integrating the fitted cross section multiplying with Maxwellian or κ electron distributions and add the fitted rates to the calculated ones.
Dielectronic Recombination (DR)
Dielectronic recombination occurs where an electron is captured by an ion and simultaneously excites the core. The doubly excited state is unstable and the ion may either auto-ionize (in which case no DR occurs) or radiatively stabilize, emitting a satellite line. The DR process happens only if the kinetic energy of the recombining electron equals to the sum of the energies of the two excited levels E c . DR satellite lines appear to the longwavelength side of the resonance lines and can also be produced by direct excitation of an inner-shell electron for heavier ions or in transient ionizing plasmas.
The total DR rate coefficients for thermal plasmas are given after averaging over the Maxwellian distribution of the electron energy (e.g., Bates & Dalgarno 1962; Dubau & Volonte 1980) . Replacing the Maxwellian electron distribution with κ distribution shown in Eq. (1), we can obtain the DR rate coefficients in units of cm 3 s −1 as follows,
where C cDR = ( 4πRy kB ) 3/2 a 3 0 V a , a 0 is the Bohr radius in cm, and V a is the capture probability in s −1 . Doing the same with the calculations of Kato et al. (1997) for the satellite line intensity in a Maxwellian distribution, the DR line intensity for κ and Maxwellian distributions is,
where C DR = 6.60×10 −24 ph cm 3 s −1 ( Ry kB ) 3/2 V a n l n e and n l the parent ion intensity.
Very similar to the RR rate α RR , there are two methods to get the DR rate α DR based on Maxwellian electron energy distribution from AtomDB. One is the direct extraction from the database and the other is calculated from the Eq. (7) with the exciting energy E c and capture probability V a for each ion at different temperatures from AtomDB. At the same time, the rate from κ electron distribution is corresponding to two methods. One is from the decomposed Maxwellian distribution and the other is the calculation with Eq. (7). Unlike with the RR case, there is no obvious simple top up function that can be easily applied to the direct calculation to account for the incomplete DR satellite line data held in AtomDB, so we expect the DR rates to be under-counted in the direct calculation.
Charge State Distribution (CSD)
In this work, we assume the CSD is not evolving in time, i.e. we are in collisional ionization equilibrium (CIE). In a CIE plasma, the relative ion abundance is determined by the balance between the electron impact ionization and electron-ion recombination rates out of each charge state. To examine the effect of Kappa electron energy distributions on the CSD, we extract the Maxwellian ionization, S ci , and recombination, α DR , α RR , rate coefficients of oxygen and then use the Maxwell decomposition method to calculate κ rate coefficients, S κ ci , α κ RR , α κ DR . We compare to the results from directly calculated recombination rate coefficients and to those given by KAPPA package.
We plot the recombination rate coefficients as the function of temperature for the κ distributions in Fig. 1 . Left and right panels correspond to κ = 2 and κ = 25 cases. The red and green lines are the rate coefficients for O VII and O VIII, respectively. The solid lines are RR rates and DR rates decomposed from the Maxwellian RR rates in AtomDB. The dotted and dashed lines are RR and DR rates from analytical calculations. The analytical DR rate is lower than the decomposition due to the incomplete DR set of DR satellite lines in AtomDB, discussed above.
We then used the Maxwell decomposition method on all ions, and determine the CSD (solid lines in Fig. 2) . The dash dot lines in this figure are the results from the analytical calculations of recombination rates. The analytical method can give the rate of O VII that can not be obtained from the decomposed method. For the rates that we can not obtain from analytical method (there is no DR satellite line information in AtomDB for O I-VI), we use the decomposition methods. We plot the result 10 4 10 5 10 6 10 7 10 8 10 9 T (K) from the KAPPA package with dotted lines for the comparison in the lower panels of Fig. 2 . The analytic results differ from the decomposition and KAPPA package results due to the inadequacies of the RR approximation. But the decomposed results well consistent with those from the KAPPA package.
METHOD
Calculating the spectrum of a non-Maxwellian plasma requires several types of non-Maxwellian data. As described in section 2, several continuum components can be modeled from first principles as non-Maxwellians. However, the majority of relevant atomic data is published on a Maxwell-averaged temperature grid, as this both saves space requirements and is usually the relevant electron distribution. This is especially true for line emission: the collisional excitation cross section has many resonances in the cross sections, and accurately modeling a new electron distribution would require reintegrating the original energy dependent cross sections with the new distribution; in most cases these energy resolved files no longer exist and their regeneration would be impractical. Therefore, we adopt the decomposition approach of Hahn & Savin (2015) to create spectra using AtomDB, by adding Maxwellian spectra.
The AtomDB non-equilibrium ionization data provides the line and continuum emissivity for each ion as a function of photon energy (0.01 to 100.0 keV) and plasma temperature (10 4 to 10 9 K). The elemental abundances from Andres & Grevesse (1989) are built in to the emissivities, but the ion fractions are not. To create a Maxwellian spectrum, these emissivities must be multiplied by the ion fraction. By default the ionization and recombination rates of Bryans et al. (2009) are used in AtomDB.
To create the κ emissivity, firstly the ionization fraction is calculated using κ ionization and recombination rates (obtained by decomposition). Then the emissivities are calculated for each ion (also calculated by decomposition) and the emissivity is multiplied by the relevant ion fraction to get the total emissivity. Nozawa et al. (2009) gave accurate analytic fitting formulae for the e-e bremsstrahlung in a wider electron temperature range 1keV k B T 1MeV. We apply their results and add e-e thermal bremsstrahlung calculations to APEC model.
Maxwellian decomposition normalization parameters (a j in Table 7 of paper Hahn & Savin 2015) require Maxwellian temperatures out of the range of [10 4 , 10 9 ]K. We define a "bad" number ratio of a j in those regions to the total number, a j,bad aj , in the space of κ and temperature T , which implies the probability of this method for the conversion between two distributions being a bad approximation. Here, a j,bad is the number of the a j out side of the temperature range [10 4 10 9 ]K. The larger ratio shows the more invalid of Maxwellian decomposition method.
We plot the "bad" number ratio a j,bad aj as the function of index κ and temperature T in Fig. 3 . From the figure, we can find the probability and limits of Maxwellian decomposition for the κ rate coefficient calculations. When the logarithm of temperature are less than 4.5 and larger than about 8.5, the invalid probability of the decomposition method is higher as the temperature tends to the boundaries. The "bad" number ratio is larger at higher temperature if κ is less than about 15.
RESULTS

Spectra from κ Distributions
Applying the Maxwellian decomposition method described in Sect 2, we produce bremsstrahlung emissivity from κ-distributed electrons and compare with those from analytical calculation. We use the deconvolution method to get the κ CSDs for oxygen from AtomDB data.
Thermal bremsstrahlung produced by electron-ion interactions are the dominant source of energy loss in an 10 4 10 5 10 6 10 7 10 8 10 9 10 -3 10 -2 10 -1 10 0
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Rel. Abund. = 2 Fig. 2. -The CSD for oxygen as a function of temperature for κ distributions with κ = 2 (left panels) and κ=25 (right panels). The solid lines are the oxygen CSD from rate coefficients decomposed from the data in AtomDB. The dash dot lines are according to the relative abundance from the analytical recombination rates. For the rates we can not obtain from analytical method, we still use the coefficients from the Maxwellian decomposition method. The dotted lines are the results from the KAPPA database with available ion data in CHIANTI database. of the converting parameter a j for Maxwellian decomposition method. The "bad" number a j,bad shown in color bar is defined as the number of Maxwellian temperature outside of the range of [10 4 10 9 ] K when decomposing κ temperature to a temperature matrix of Maxwellian before sum the weighted Maxwellian rate to get the κ rate. The larger ratio corresponds to the more invalid of Maxwellian decomposition method. It shows large ratios when temperatures approach to the two boundaries (10 4 and 10 9 K) and electrons distributions toward to the non-thermal.
optically thin hot plasma. Using Eq. (4), we obtain the free-free emissions with Maxwellian and κ distributions of electrons at temperature of 3 keV. There are three methods used in the APEC codes for bremsstrahlung continuum calculations, including the relativistic case (Nozawa et al. 1998) , the non-relativistic case (Hummer 1988) , and a semi-relativistic case (Kellogg, Baldwin & Koch 1975) . With the relativistic approach, we plot the analytical bremsstrahlung emission with dashed lines and decomposed ones with solid lines in Fig. 4 . The emissivity from a Maxwellian electron distribution at 3 keV is plotted with solid circles. We find that both methods are almost consistent for 10 −2 keV< E < 30keV. In order to obtain κ-distribution spectra from Maxwellian decomposition method, we take oxygen as an example and extract the spectrum of each oxygen ion from AtomDB. We combine line emission and continuum for each ion as the total emission of this ion. For the κ-distributed electron and given temperature T κ , we firstly decompose the ion spectrum extracted from AtomDB NEI data (line and continuum) based on κ value and Maxwellian decomposition method. Secondly, we select the ion abundance for each ion at the nearest temperature with T κ . Thirdly, we multiply the decomposed emissivity with selected ion abundance to get the NEI emissivity for each ion. The κ emissivity for oxygen finally obtained with the sum of emission from each ion of oxygen. We show the total spectra (solid lines) from κ distributions with κ=2, 5, 10, and 25 in Fig. 5 . We also plot the oxygen spectra of κ distributions from the KAPPA package as dashed lines in this figure. We find the line emissivities from κ = 2 are larger than those from other κ distributions. The continuum emission from κ = 2 is higher at lower (<2 keV) and higher (>20 keV) energies.
Application of e-e Bremsstrahlung
With the updated APEC model including e-e bremsstrahlung emission, we plot the total emissivity, the e-e thermal bremsstrahlung emissivity, and their ratio at three temperatures (k B T=0.86keV, 8.6keV, and 86keV) in Fig. 6 . We find the e-e contribution becomes larger at higher temperature. At k B T=86keV (i.e., 10 9 K, green line in lower panel), e-e bremsstrahlung emission is >10% of the total emissions. But at k B T=0.86keV (blue line in lower panel), the contribution is less than 0.1% at energy less than about 1keV. As a practical example of high temperature plasma where the inclusion of e-e bremsstrahlung has non-negligible effect, we consider hot plasma contained in a PSR of a magnetic cataclysmic variable. Among them, intermediate polar (IP) type CV which is thought to have magnetic field of order B ≈ 10 5 −10 7 G (de Martino et al. 2004 ) generally shows harder X-ray spectra than those of polars (B ≈ 10 7 − 10 9 G) due to less cyclotron cooling suggesting higher plasma temperature in the PSR. To estimate the mass of a white dwarf (WD) in IPs based on the spectral fitting, several authors developed a numerical model of the PSR and applied it to spectra obtained with multiple X-ray telescopes (Cropper et al. 1999 , Suleimanov et al. 2005 , Yuasa et al. 2010 . In these models, accreting gas is assumed to freely fall onto a WD along the magnetic field line inside the magnetosphere, and at a certain height (the shock height), the bulk kinetic energy is converted to thermal energy, and the gas is heated to high temperatures (typically k B T>a few × 10 keV). The shockheated gas is cooled via optically-thin thermal emission, and lands on to the atmosphere of the WD. The previous model numerically solved hydrodynamic equations along the PSR, and generated total X-ray spectra based on various plasma models; e.g. bremsstrahlung and empirical gaussian were used by Suleimanov et al. (2005) , Yuasa et al. (2010) adopted APEC to more accurately treat He-like and H-like Fe K emission lines.
Applying the updated APEC model including e-e thermal bremsstrahlung emissions to the numerical PSR model of Yuasa et al. (2010) , we calculate the temperature gradient in the PSR of an IP with a WD mass of MWD=1.2 M and that with M WD =1.3 M under the assumptions and the boundary conditions described therein. Table 1 summarizes shock height and shock temperature obtained with and without considering ee bremsstrahlung. The upper panels in Fig. 7 show the calculated temperature profile along the PSR height. When e-e bremsstrahlung is included, plasma more effectively cools in higher temperatures ( 10 8 K), and therefore a higher shock temperature can satisfy the boundary conditions which requires k B T=0 keV at the WD surface. This leads to a lower shock height and higher shock temperature with e-e bremsstrahlung than without. The shock temperatures differ from each other by 2% (M WD =1.2 M ) and 3% (M WD =1.3 M ), and thus, the inclusion of e-e bremsstrahlung does not significantly change the vertical structure of the PSR plasma, nor the emissivity gradient. Rather, because the relative contribution from e-e bremsstrahlung depends on energy, and is larger at higher energies (Fig. 6) , the change in the continuum spectrum has a larger impact when composing a total PSR emission spectrum and comparing it with observed data. As shown in the lower panels of Fig. 7 , the total emissivities for M WD =1.2 M and 1.3 M differ by > 10% in energies E > 75 keV and E > 60 keV, respectively, when two spectra with and without e-e bremsstrahlung are normalized at E = 10 keV.
CONCLUSION
With released database AtomDB and python module "Pyatomdb", we study the X-ray spectra with a non-thermal κ-distribution of electrons and e-e bremsstrahlung in collisionally ionized plasma. A Maxwellian Decomposition is applied to calculate the coefficient rates of κ distributions from the appropriately weighted Maxwellian rates stored in our AtomDB database. We added the e-e bremsstrahlung process into APEC model since a very hot plasma can also produce energetic electrons. We use the updated APEC model to calculate the X-ray spectra from a numerical PSR model of a magnetic cataclysmic variable and find more than 10% difference for total emissivity with and without e-e bremsstrahlung. We compare the oxygen charge state distribution and spectra to the results from the KAPPA package and find the caution has to be taken when decomposing Maxwellian rate for κ-distributed coefficients when plasma temperature approached to the boundaries of [10 4 10 9 ] K and the κ less than about 15. We will be creating an XSPEC model for the spectral analysis with the κ distribution.
